Abstract. Exciton properties of double-wall carbon nanotubes are studied in the static screened Hartree-Fock approximation within an effective-mass theory. Inter-wall screening effects suppress the band gap energy and the binding energy of exciton states. As a result, the exciton energy levels are redshifted from those in the single-wall carbon nanotube with the same diameter. However, because of anti-screening effects, the behavior of excited excitons is qualitatively different from that of the ground exciton. The energy shift of the ground exciton has little dependence on the tube diameter, while that of the excited excitons decreases with the increase of the diameter, following the band gap shift.
In optical responses of carbon nanotubes, exciton states play a dominant role [1] , where their binding energies are unusually larger than those in bulk semiconductor systems, originating from the one-dimensionality and the resulting strong Coulomb interaction. However, this does not imply that effects of screening of the Coulomb interaction are unimportant. Rather, the screening effects in nanotubes are likely to change exciton energies unconventionally. In fact, the recent theoretical study [2] has suggested anti-screening in single-walled carbon nanotubes (SWCNs), which enhances the binding energies of the excited exciton states. In experiments, the photoluminescence study [3] of double-walled carbon nanotubes (DWCNs) has reported that the energies of the exciton states of the inner tubes are redshifted from those of SWCNs with the same chiral indices, where the effective dielectric screening is expected to be modified by the presence of the surrounding outer tube. In this paper, we examine effects of screening and anti-screening by the inter-wall Coulomb interaction on excitons in semiconducting DWCNs based on the effective-mass theory and a static screened Hartree-Fock approximation [1] .
We consider a DWCN consisting of tubes with radius R 1 (tube 1) and R 2 (tube 2). In the static screened Hartree-Fock approximation and under the assumption that the lattice of tube 1 and tube 2 is incommensurate, we can write the screened Coulomb interaction between an electron and a hole on the surface of tube 1 as
with the effective dielectric function
where
Here V 0 i j (m, q) is the bare Coulomb interaction between tube i and j with the band index m and the wavenumber q along the tube axis, and a dielectric constant κ describes screening by electrons in σ bands, core states, and the π bands away from the K and K points. The polarization function Π j (m, q) represents contributions of electrons in the vicinity of the K and K points in tube j.
For a SWCN with radius R 1 the screened Coulomb interaction is given by V SW 11 (m, q) = V 0 11 (m, q)/ε 1 (m, q) [1] . Therefore, the inter-wall screening or anti-screening comes from the second term of Eq. (2) via the presence of the inter-wall interaction. The ratio of the interand intra-wall interactions λ (m, q) deviates from 1 and approaches 0 with increasing q and the dependence becomes stronger with R 2 /R 1 [4] , showing that the screening/anti-screening is strongest for R 2 /R 1 = 1.
The strength of the Coulomb interaction is specified by the dimensionless parameter (e 2 /κL 1 )/(2πγ/L 1 ), where L 1 = 2πR 1 is the circumference length of tube 1 and γ = ( √ 3/2)aγ 0 is the band parameter with a being the lattice constant and γ 0 being nearest-neighbor hopping integral. Now we shall present results for κ = 2.5 corresponding to (e 2 /κL 1 )/(2πγ/L 1 ) = 0.16 for γ 0 2.7 eV. in Eq. (2) . Comparison between the solid and dashed lines reveals that the contribution of electrons in the vicinity of the K and K points in tube 2 gives rise to unconventional screening, that is, anti-screening. Actually, while the potential is more weaken for y < L 1 , it drops below the dashed line for y > L 1 . This anti-screening region (y > L 1 ) affects excited exciton states. Figure 1(b) shows the spatial extent of the exciton wave functions , which are almost independent of R 2 /R 1 . The Bohr radius of the ground exciton is smaller than L 1 and the extent of the excited excitons is larger than L 1 . Therefore, we can recognize that the ground exciton tends to undergo screening and the excited excitons do anti-screening. As a result, the binding energy of the ground exciton is largely reduced around R 2 /R 1 = 1, but, by contrast, those of the excited excitons are unchanged or slightly gained, as seen in the inset of Fig. 1 . Figure 2 shows the R 2 /R 1 dependence of exciton energy levels and the band gap in tube 1. This clearly shows that exciton levels are redshifted from those in SWCN. The energy level of the ground exciton approaches that of SWCN rapidly away from R 2 /R 1 = 1, resulting from a large cancellation of the band gap reduction and the decrease of the binding energy by screening. Here it may be notable that the nearly symmetric behavior for R 2 /R 1 < 1 and R 2 /R 1 > 1 is significantly different from the behavior in the environmental dielectric screening case [4] . The inset shows the energy shift of the exciton levels as a function of the diameter for the fixed inter-wall distance at R 2 − R 1 = 0.34 nm. We can find that the redshift of the ground exciton is small and almost independent of the tube diameter, while that of the excited excitons decreases with the increase of the diameter, basically obeying behavior of the band gap shift.
More detailed results and discussions, including the case of a metallic outer (inner) tube where there is no longer any anti-screening and excited exciton states in the inner (outer) semiconducting tube disappear due to strong screening, are reported elsewhere [5] .
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